ABSTRACT P-glycoprotein (Pgp), a member of the ATP-binding cassette transporter family, is one of the major causes for multidrug resistance (MDR). We report using confocal microscopy to study the roles of Pgp in mediating the efflux of the anticancer agent mitoxantrone and the reversal of MDR by the specific Pgp inhibitor valspodar (PSC833). The net uptake and efflux of mitoxantrone and the effect of PSC833 were quantified and compared in Pgp-expressing human cancer MDA-MB-435 (MDR) cells and in parental wild-type cells. The MDR cells, transduced with the human Pgp-encoding gene MDR1 construct, were approximately 8-fold more resistant to mitoxantrone than the wild-type cells. Mitoxantrone accumulation in the MDR cells was 3-fold lower than that in the wild-type cells.
The use of anticancer agents in appropriate combinations has led to major improvements in the treatment of malignant tumors. Despite such successes, multidrug resistance (MDR) to various anticancer drugs due to an increased ability of cancer cells to extrude a variety of structurally and functionally unrelated cytotoxic compounds frequently occurs and is a major obstacle in clinical cancer treatment (Skatrud, 2002) . Advances in elucidating the molecular basis of the MDR phenotype indicate that expressions of ATP-dependent transporters, including P-glycoprotein (Pgp) (ABCB1), are frequent causes of MDR (Ambudkar et al., 2003 (Ambudkar et al., , 2006 Leslie et al., 2005) . Cells transfected with the human MDR1 gene, which encodes Pgp, showed more resistance to anticancer drugs than parental wild-type cells (Gottesman and Pastan, 1993) . The fact that these transfected cells have reduced intracellular drug accumulation and compromised effectiveness of anticancer drugs is believed to be due to the action of Pgp in mediating the efflux of cytotoxic drugs out of the cells and decreasing the net uptake of these agents into the cells. The correlation of Pgp overexpression in tumor tissues with decreased survival and poor prognosis has been reported clinically in some human cancers (van den Heuvel-Eibrink et al., 2000; Pakos and Ioannidis, 2003) .
Mitoxantrone (Von Hoff et al., 1980) , a Pgp substrate, is a synthetic anthracenedione that has been used in the clinical treatment of various cancers (Powles, 1997; Harris and Reese, 2001; Rigacci et al., 2003) . The anticancer mechanisms of mitoxantrone are believed to be related to its capacity to bind DNA and inhibit DNA topoisomerase II in the nuclear compartment of the cells. In addition, the action of its metabolites in the intracellular cytosolic compartment may also contribute to the antineoplastic activities of mitoxantrone (Vibet et al., 2007) . Decreased intracellular accumulation of mitoxantrone has been observed previously in Pgp-overexpressing cancer cells (Fukushima et al., 2000) .
Pgp is a target for anticancer chemotherapy modulation because of its molecular mechanisms in causing MDR. Inhibition of Pgp to sensitize cancer cells to chemotherapy has been widely studied. To date, three generations of Pgp inhibitors have been tested preclinically and clinically (Shukla et al., 2008) . Valspodar (PSC833) is one of the second generation Pgp modulators, which reverses MDR by specifically binding to Pgp in the cell membrane. The antitumor efficacy of the combination of PSC833 and Pgp substrate anticancer drugs in animal studies has been reported by other investigators. The combination yielded greater reduction of tumor size and longer life span than the individual anticancer compound in animals bearing MDR tumors . It was reported that the combination of PSC833 and doxorubicin significantly decreased the size of mice xenograft MDR breast tumors (Lopes de Menezes et al., 2003) and increased the life span of the mice carrying MDR leukemia by more than 80% (Watanabe et al., 1995) . Coadministration of PSC833 and paclitaxel reduced mice glioblastoma volume by 90%, whereas paclitaxel itself did not affect the tumor volume. Furthermore, clinically PSC833 has shown the capacity to modulate MDR activities in acute myeloid leukemia, multiple myeloma, and ovarian cancer in phase I/II clinical trials (Advani et al., 1999; Bates et al., 2001; Carlson et al., 2006) . However, like clinical trials of other Pgp inhibitors, the treatment with PSC833 only produced limited improvements in clinical outcome (Sikic, 1999) . New effective Pgp modulators need to be developed.
Despite its limited clinical impact, PSC833 has been used in preclinical and clinical studies for developing new inhibitors and new clinical treatment regimens as well (Bates et al., 2001 ). In the current report, confocal microscopy was used to directly visualize and dynamically assess the intracellular drug accumulation and efflux process in Pgp expressing cancer cells. The in vitro and in vivo effects of Pgp on the intracellular accumulation and efflux of mitoxantrone and the effects of PSC833 on reversing MDR in these cells were evaluated. These studies have provided new information on direct visualization in real time of how MDR cells take up and efflux anticancer agents and how inhibitors modulate drug accumulation in cancer cells.
Materials and Methods
Reagents, Cell Lines, and Animals. Mitoxantrone was purchased from Sigma-Aldrich (St. Louis, MO). A stock solution was made by dissolving mitoxantrone in saline. PSC833 was a gift to W.T.B. from Dalia Cohen (Novartis Pharmaceuticals, Florham Park, NJ). Stock solutions were made by dissolving PSC833 in dimethyl sulfoxide for in vitro study and in a vehicle of sterile water/95% ethanol (7:3) for animal injections for in vivo study (Shen et al., 2008) . Wild-type MDA-MB-435 (MDA-MB-435wt) human cancer cells and the MDA-MB-435 cells retrovirally transduced with the MDR1 gene to express Pgp (MDA-MB-435mdr, MDR cells) were obtained from Dr. George Sledge (Indiana University, Indianapolis, IN). The origin of MDA-MB-435 cells has been described previously (Shen et al., 2008) .
Animal studies were carried out with protocols approved by the Animal Care and Use Committee of Indiana University. Female nude/nude mice, 6 to 8 weeks of age, were injected subcutaneously with human MDA-MB-435 cancer cells. Each mouse was injected with 15 to 20 ϫ 10 6 MDA-MB-435wt cells in one flank and with 15 to 20 ϫ 10 6 MDA-MB-435mdr cells in the other flank. The injection produced a palpable tumor within 3 to 4 weeks. Confocal image studies were then conducted on tumors in the mice. Pgp Expression, Resistance to Mitoxantrone, and the Resistance Reversal by PSC833. Pgp expression was determined by Western blot assay. Cell lysates used for the analysis were prepared from crude cell membranes as described previously (Shen et al., 2008) . Protein concentration in the cell lysates was determined with the Bradford assay (Bradford, 1976) , and equal amounts of proteins were loaded on gels. Cell lysates were separated by SDS-polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride membrane. The blot was then probed with the primary antibody C219 (dilution 1:1000) (ID Labs Inc., London, ON, Canada), followed by reaction with horseradish peroxidase-conjugated secondary antibody. The signal was detected using enhanced chemiluminescence and exposure of X-ray film.
Colony formation assays were used to evaluate the resistance of MDA-MB-435 cells to mitoxantrone and the reversal of the resistance by PSC833 (Shen et al., 2008) . Cells were seeded in flasks and incubated under standard conditions overnight. Each group of three flasks of cells was treated with a different dose of mitoxantrone for 1 h. To assess the reversal of MDR by PSC833, the cells were pretreated with PSC833 30 min before mitoxantrone exposure. The cells were then washed, harvested, counted, and seeded into triplicate culture dishes. Colonies were fixed and visually counted after 14 days.
Mitoxantrone Intracellular Accumulation and Effects of PSC833. MDA-MB-435 cells were seeded on coverslips in 12-well plates and allowed to grow overnight. On the following day, cells were washed with phosphate-buffered saline, incubated with or without 3 mg/ml PSC833 for 30 min before being treated with 5 M mitoxantrone for 2 h, and then examined using confocal microscopy.
Dynamic Assessment of Mitoxantrone Net Uptake, Efflux, and Effects of PSC833 in MDA-MB-435 Cells. MDA-MB-435 cells were seeded on coverslips overnight. The coverslips were mounted in microscope chambers. They were placed on the microscope stage and perfused sequentially with mitoxantrone-free medium for 6 min, medium with 5 M mitoxantrone for 2 h (uptake perfusion), and then mitoxantrone-free medium again for 1 h (efflux perfusion). Serial images at 2-min intervals were collected and analyzed. To study the effect of PSC833 on the time course of mitoxantrone accumulation and efflux, MDA-MB-435 cells grown on coverslips were pre-exposed to 3 mg/ml PSC833 for 30 min before being mounted in microscope chambers for perfusion as described above.
Mitoxantrone Accumulation and Effects of PSC833 in Xenograft Tumors in Living Mice. Living nude mice bearing subcutaneous MDA-MB-435wt and MDA-MB-435mdr tumor xenografts in opposite flanks were injected with or without 50 mg/kg PSC833 intraperitoneally 1 h before receiving intravenous injection of 12.5 mg/kg mitoxantrone. Confocal tumor images were taken 2 h after the mice had received mitoxantrone. To obtain the images, the mice were anesthetized and a small skin incision was made to expose the tumor xenografts. The mice were placed on the microscope stage connected to a water circulator set to 37°C.
Confocal Microscopy and Image Analysis. Images were collected using an LSM510 NLO confocal microscope with a C-Apo 40ϫ water immersion lens (Carl Zeiss, Jena, Germany). Mitoxantrone fluorescence was excited with an argon laser at 514 nm, and the emission was collected through a 530 nm long-pass filter. The same confocal settings (excitation, laser power, detector gain, and pinhole size) were used to image the wild-type and the MDR cells in vitro and the wild-type and MDR xenograft tumors in vivo. Post-data acquisition image analysis was performed using MetaMorph software (Molecular Devices, Sunnyvale, CA). Cell images were analyzed as mean mitoxantrone fluorescent intensity per pixel in a circular 314-pixel region of the nucleus or cytoplasm of the same cell (approximately 60 m 2 ). Multiple fields containing at least 15 cells/field were imaged in each experiment. The tumor images were analyzed as mean mitoxantrone fluorescent intensity per pixel in a circular 785-pixel region of the tumor. Three fields of each tumor were randomly picked for image analysis. Results were obtained from analyzing images from three to five experiments.
Statistics. All data are expressed as mean Ϯ S.E. from three or more experiments and statistically evaluated by Student's t test. Differences were considered significant when p Ͻ 0.05.
Results
Pgp Expression, Resistance to Mitoxantrone, and the Resistance Reversal by PSC833. Pgp expression in MDA-MB-435 cells was demonstrated with Western blotting analysis. As shown previously by us (Shen et al., 2008) , the monoclonal antibody C219 specifically detects a 180-kDa Pgp. A modest level of Pgp expression and no Pgp expression were observed in MDA-MB-435mdr and MDA-MB-435wt cells, respectively, compared with the vinblastine-selected SKOV 3 cells used as the positive control in this analysis (Shen et al., 2008) .
The IC 50 value of mitoxantrone in MDA-MB-435wt cells and MDA-MB-435mdr cells was 0.2 Ϯ 0.03 M (mean Ϯ S.E.) and 1.6 Ϯ 0.13 M, respectively ( Mitoxantrone Intracellular Accumulation and Effects of PSC833. Confocal cell images showed that mitoxantrone-associated fluorescence occurred in the nuclei and cytoplasm of MDA-MB-435wt cells. The fluorescence of mitoxantrone in MDA-MB-435mdr cells was weak and approximately 3-fold lower than that in the MDA-MB-435wt cells. Pretreatment of the MDR cells with PSC833 increased the fluorescent intensity in MDR cells to 85% of that in the wild-type cells (Fig. 1) . The intracellular localization of mitoxantrone fluorescence in PSC833-pretreated MDR cells was the same as that in the wild-type cells. PSC833 had no significant effects on the intracellular distribution or accumulation of doxorubicin in the wild-type cells (data not shown).
Dynamic Assessment of Mitoxantrone Net Uptake, Efflux, and Effects of PSC833 in the Cytoplasm and Nuclei of MDA-MB-435 Cells. Sequential confocal cell images were used to assess and compare the real-time net uptake and efflux of mitoxantrone in the nuclei and cytoplasm of MDA-MB-435wt and MDA-MB-435mdr cells with or without pretreatment with PSC833. Compared with that in the same intracellular compartment of the wild-type cells, decreased accumulation of mitoxantrone in the nuclei ( Fig.  2A) and cytoplasm (Fig. 2B ) of the MDR cells was observed. In the uptake stage, the accumulation of mitoxantrone in both wild-type and MDR cells showed the same pattern. Mitoxantrone entered cellular nuclei and cytoplasm of the wild-type cells in two phases: little or no accumulation in the initial phase for approximately 25 min and a steady increase in mitoxantrone accumulation in a later phase. However, compared with that in the wild-type cells, the initial phase in the MDR cells was longer and slower. At the end of the 2-h mitoxantrone uptake perfusion, drug accumulation in the nuclei and cytoplasm of MDR cells was only 58 and 67% of that in the same intracellular compartment of the wild-type cells (Fig. 2C) .
Mitoxantrone efflux occurred immediately in the MDR and wild-type cells after removal of mitoxantrone from the perfusates. The perfusion almost immediately brought mitoxantrone accumulation in the nuclei and cytoplasm of MDR cells to the baseline. The nuclei and cytoplasm of MDR cells lost 80% of the normalized intracellular mitoxantrone accumulation at the end of the perfusion phase. Meanwhile, only less than a 10% loss of normalized mitoxantrone accumulation was observed in the nuclei and cytoplasm of wild-type cells in the same perfusion study (Fig. 2D) .
Pretreatment of MDA-MB-435mdr cells with the Pgp inhibitor PSC833 increased mitoxantrone net uptake and decreased drug efflux in the cells. At the end of the 2-h uptake perfusion, mitoxantrone accumulation in the nuclei of the pretreated MDR cells increased approximately 65% compared with that in the nonpretreated MDR cells (Fig. 2C) . The same magnitude increase of mitoxantrone accumulation was also observed in the cytoplasm of pretreated MDR cells. The pretreatment increased the retention of mitoxantrone in the MDR cells to almost the same level as that in the wildtype cells at the end of efflux perfusion (Fig. 2D) .
Mitoxantrone Accumulation and Effects of Pgp Inhibitors in Xenograft Tumors in Living Mice. Confocal tumor images were used to evaluate mitoxantrone accumulation and the effect of PSC833 on the accumulation in MDA-MB-435 xenograft tumors in vivo. Images of the MDA-MB435wt xenograft tumors demonstrated similar intracellular mitoxantrone localization in vivo as that observed in vitro and showed mitoxantrone localized in both nuclei and cytoplasm of the cells. However, images of MDR xenograft tumors in vivo showed that mitoxantrone mainly localized in the nuclei area (Fig. 3) . Tumor image analysis demonstrated significant differences of mitoxantrone fluorescent intensity in the MDR and wild-type tumors (Table 2 ) (p Ͻ 0.05). Mitoxantrone fluorescent intensity in the MDR tumors was only 
Discussion
The innate fluorescence of mitoxantrone was used in this study to elucidate the role of Pgp in causing multidrug resistance in cancer cells. Although mitoxantrone is also known as a substrate of another ABC transporter breast cancer resistant protein (ABCG2) (Litman et al., 2000) , the focus of this study was only on Pgp.
Compared with the wild-type cells, MDA-MB-435mdr cells were 8-fold more resistant to mitoxantrone. However, the fluorescent intensity of mitoxantrone in the MDR cells was only 3-fold lower than that of the wild-type cells. The discrepancy between the magnitude of resistance to mitoxantrone and the reduction of mitoxantrone accumulation in the MDR cells may be due, at least in part, to mitoxantrone exhibiting low levels of fluorescence (Bell, 1988) , which may have affected the accuracy of its fluorescent quantification in this study. The study suggests that the fluorescent intensity of mitoxantrone is not linearly proportional to the intracellular accumulation of mitoxantrone; however, the results indicate a trend in correlation exists between the potency of mitoxantrone (cytotoxicity) and the intracellular accumulation of the compound (fluorescent intensity).
The localization of mitoxantrone in both cellular nuclei and cytoplasm has been also reported by other investigators (Fox and Smith, 1995; Feofanov et al., 1997) . We reported previously that the intracellular distribution pattern of doxorubicin in MDA-MB-435wt cells was mainly in the cellular nuclei. Doxorubicin and mitoxantrone both exert their cytotoxicity by binding DNA and inhibiting nuclei acid synthesis. However, the apparent cytoplasmic localization of mitoxantrone may indicate that some cytoplasmic targets, including mitochondria and/or lysosome as reported by other investigators, are also involved in its cytotoxic mechanism (Smith et al., 1992). The possibility that mitoxantrone and its metabolites target both cellular nuclei and cytoplasm may explain our observation that the IC 50 value of mitoxantrone in MDA-MB-435 human cancer cells was 3-fold lower than that of doxorubicin (Cutts et al., 2003) . The same magnitude increase of mitoxantrone uptake in the nuclei and cytoplasm of the wildtype cells (Fig. 2) further supports that mitoxantrone targets both cellular nuclei and cytoplasm. The two phases observed in the uptake stage of mitoxantrone could be explained, at least in part, by the accumulation of mitoxantrone being required to reach a threshold level for the confocal microscope to detect intracellular mitoxantrone. These results on the intracellular localization of mitoxantrone suggest that confocal microscopy is a useful technique in studying the cellular targets of various therapeutic agents.
The significantly lower mitoxantrone fluorescent intensity One explanation might be that the affinity of mitoxantrone to cellular nuclei DNA was stronger than that to some cytoplasmic structure(s), which made the drug distribution only in the nuclei of MDR tumor cells when the cells had a low accumulation level of the compound. Compared with that in the wild-type tumor cells, the cytoplasm of MDR tumor cells had a markedly lower accumulation of mitoxantrone, which may explain our observation that mitoxantrone accumulation in the MDR tumors was only 61% of that in the wild-type tumors and supports the idea that a cytoplasmic structure(s) is involved in the anticancer mechanism of mitoxantrone in the wild-type tumors. PSC833, a specific Pgp inhibitor, not only increased the fluorescent intensity of mitoxantrone and reversed the resistance to mitoxantrone in MDR cells in vitro but also restored the distribution of mitoxantrone in the cytoplasm of MDR tumor cells in vivo, indicating that intracellular accumulation levels of mitoxantrone in vivo affect the intracellular localization of the drug. This article provides direct information on the capacity of the ABC transporter Pgp to mediate the efflux of substrate anticancer drug mitoxantrone in real time and decrease intracellular drug accumulation in vitro and in vivo. This study suggests confocal microscopy is a useful technique in evaluating MDR transporters in vitro and in vivo and therefore is helpful toward the future development of MDR inhibitors. 
